I ntracranIal neoplasms account for nearly 25% of pediatric cancers 32 and 60%-70% of children who survive are left with disabilities contributing to long-term morbidity. 1, 7, 17, 21, 22 Most children diagnosed with intracranial neoplasms undergo at least 1 neurosurgical procedure for diagnosis and treatment. Hyponatremia following neurosurgical procedures in children with brain tumors is common, with mild sodium derangement occurring in half of the children 4 and severe sodium derangement occurring in approximately 12%. 4, 30, 31 In some clinical settings, hyponatremia is known to exacerbate cerebral edema and cause seizures and encephalopathy, which can contribute to secondary brain injury following neurosurgery. 19, 26, 28 Young age, hydrocephalus, malignant histology, and noncortical tumor location are important clinical risk factors for hyponatremia in the postoperative period among children with intracranial neoplasms. 30, 31 These features overlap with some of the patient factors, tumor-related characteristics, and treatments (such as age, histology, hydrocephalus, tumor location, extent of resection, reopabbreviatioNs CI = confidence interval; ICD-9-CM = International Classification of Diseases, Ninth Revision, Clinical Modification; IQR = interquartile range; OR = odds ratio; PCPC = Pediatric Cerebral Performance Category; VIF = variance inflation factor. obJect Pediatric intracranial neoplasms are common and cause substantial neurological morbidity. Postoperative hyponatremia is also common and may exacerbate neurological injury. The authors performed an exploratory analysis to evaluate an exposure-response relationship between hyponatremia severity and cognitive function at discharge. methods A retrospective cohort of patients 0-19 years old who underwent a first intracranial neoplasm surgery at a pediatric tertiary care hospital was reviewed. Outcome was assessed by Pediatric Cerebral Performance Category (PCPC) score of 1-6 at hospital discharge. Poor outcome was defined as PCPC score 3-6, corresponding to moderate or worse disability. results Of 319 total children, 80 (25%) had poor outcomes. One hundred thirty-seven children (43%) had serum sodium concentrations ≤ 131-135 mEq/L and 39 (12%) had serum sodium concentrations ≤ 130 mEq/L. Lower nadir sodium concentration and longer duration of hyponatremia were significantly associated with worsening PCPC score (p < 0.001). Rapid sodium decreases and more hyponatremic episodes were also significantly associated with worsening PCPC score (p < 0.001). After adjustment for patient factors, tumor characteristics, and measures of sodium disruption, multivariable analysis revealed noncortical tumor locations and lower nadir sodium concentration (adjusted odds ratio 0.86, 95% confidence interval 0.78-0.95) were important independent risk factors for poor cognitive outcome. coNclusioNs Neurocognitive disability and hyponatremia are common in children undergoing surgery for intracranial neoplasms. This study found a significant association between severity of hyponatremia and worsened cognitive outcome, with an apparent exposure-response relationship. These data support the need for careful postoperative monitoring of serum sodium. Further research is needed to determine if prevention and treatment of hyponatremia can improve outcomes in these children.
erations, radiation treatment, and chemotherapy) associated with neurocognitive outcome among these children. 1, 8, 9, 11, 12, [14] [15] [16] [21] [22] [23] 29 We previously reported that among patients with serum sodium concentrations ≤ 130 mEq/L following initial surgical care for pediatric brain tumors, 21% of patients had hyponatremic seizures and 41% had altered mental status documented by the care team. Furthermore, we found that any serum sodium concentration ≤ 130 mEq/L during the admission was independently and strongly associated with worse cognitive outcome. 31 In fact, hyponatremia was associated with a more than 6-fold increased odds of moderate or worse disability when adjusted for age and tumor characteristics. 31 However, aspects of hyponatremia such as rapidity of sodium concentration change and magnitude and duration of hyponatremia have not been evaluated in relation to patient outcomes.
In the current study, we sought to determine if aspects of sodium disruption were independently associated with neurocognitive outcome following surgery for pediatric intracranial neoplasms. We hypothesized that there would be an exposure-response relationship between the severity of hyponatremia and worse patient outcome. Documentation of such a relationship would enhance medical evidence that therapies aimed to decrease or prevent hyponatremia might improve neurocognitive outcome in pediatric survivors of intracranial neoplasms.
methods study Population
We conducted a single-center retrospective cohort study of children aged 0-19 years with an intracranial neoplasm who were admitted for a first neurosurgical procedure. We have previously examined this cohort to report the incidence and risk factors for hyponatremia, the time course and severity of hyponatremia, and an exploratory association between serum sodium concentration ≤ 130 mEq/L and cognitive outcome. 4, 31 In this study we sought to assess risk factors for worse cognitive outcome and the relationship between hyponatremia severity and cognitive outcome. Patient cognitive outcomes were measured by Pediatric Cerebral Performance Category (PCPC) scores assigned at the time of hospital discharge. 10 This study was approved by the University of Utah Institutional Review Board and granted a waiver of need for informed consent.
All patient medical records from Primary Children's Hospital in Salt Lake City, Utah, were reviewed for admissions between January 2001 and February 2012 with an International Classification of Diseases, Ninth Revision, Clinical Medicine (ICD-9-CM) discharge code for either malignant or benign intracranial neoplasm (ICD-9-CM codes 191.0-191.9 or 225.0-225.2) and a concurrent ICD-9-CM procedure code for intracranial tumor resection or biopsy (ICD-9-CM codes 01.59 or 01.13-01.14); primary pituitary tumors and craniopharyngiomas were not included in the cohort due to separate ICD-9-CM codes. Four hundred eighty-two encounters were initially identified among 372 unique patients; 6 of these encounters were duplicated. After identification with administrative data, an independent chart review was conducted. Three encounters were excluded because the patients did not undergo tumor resection or biopsy. For analysis, we selected patients who underwent only their first neurosurgical procedure for a tumor and required at least 1 serum sodium check during admission. Three hundred nineteen distinct patients and encounters were included in the final analysis.
data collection
Patients were stratified by cognitive outcome based on PCPC scores assigned from examinations at hospital discharge as follows: 1) normal, 2) mild disability, 3) moderate disability, 4) severe disability, 5) coma or vegetative state, and 6) brain death. 10 Mild disability was defined as able to interact at age-appropriate levels, attending regular school, and having a mild neurological deficit (e.g., cranial nerve palsy). Moderate disability was defined as neurological function sufficient to perform activities of daily living independently, a moderate neurological deficit (e.g., hemiparesis), and/or requiring special education. Severe disability was defined as requiring dependent care to perform activities of daily living due to impaired brain function. A dichotomized PCPC score was used to define poor outcome, corresponding to a PCPC score of 3-6 (moderate disability to brain death), compared with a PCPC score of 1-2 (normal to mild disability). PCPC scores were originally collected for the analysis regarding risk factors for hyponatremia. 31 Although the authors were not blinded to sodium values, the original outcome was the presence of hyponatremia, not cognitive outcome, at the time of PCPC score data abstraction.
Demographic and clinical information were collected and compared among PCPC score groups. Tumor location, determined by radiological and surgical reports, was grouped among 4 regions for analysis: 1) cortical, 2) cerebellum and brainstem, 3) deep brain and ventricles, and 4) overlapping, which included tumors involving at least 2 of the 3 defined regions. Pathology and radiology reports were reviewed to determine tumor histology and presence of metastases or obstructive hydrocephalus.
Serum sodium values with collection dates and times throughout admission were collected on each patient. Mild hyponatremia was defined as any serum sodium value ≥ 131-135 mEq/L and severe hyponatremia was defined as any sodium value ≤ 130 mEq/L during the admission. The time at which low serum sodium values occurred for a given patient was used to review records for symptomatic hyponatremia, including hyponatremic seizures or altered mental status. Seizures or altered mental status were ascribed to hyponatremia only with clinical documentation from a medical provider who cared for the patient and attributed the symptom to hyponatremia, and a concurrent serum sodium concentration ≤ 130 mEq/L within 1 hour of the documented symptom. Treatments for hyponatremia included fluid restriction, normal saline fluid bolus, hypertonic saline infusion, and enteral sodium salt supplementation.
Nadir sodium was the lowest serum sodium concentration measured during admission. Rapid changes in sodium concentration were assessed as decreases > 10 or > 15 mEq/L within any 24-hour period of admission. An episode of severe or mild hyponatremia was defined as a distinct period of low sodium below the assigned thresholds with sodium rising above the thresholds to terminate an episode. Subsequent episodes were recorded if sodium concentration again fell below the assigned thresholds. The total duration of severe or mild hyponatremia was determined by adding together the lengths of each defined episode (onset to termination in days).
statistical analyses
All laboratory and collected demographic and clinical information were entered into a database using the OpenClinica program (www.openclinica.com, Isovera, Inc.). Analyses were then conducted using R software (version 2.15.2, www.r-project.com). Univariate results were reported as counts and percentages for categorical variables and as medians with interquartile ranges (IQRs) for continuous variables. The relationship between demographic, clinical, and hyponatremia variables and worse cognitive outcome at discharge was explored by assessing PCPC score as a graduated outcome (score 1-6) in bivariate analyses using a permutation version of the Cochran-Armitage trend test (categorical) and Spearman's correlation (continuous). All tests were 2-tailed and significance was defined as p < 0.05.
Several multivariable models were created to explore the association of hyponatremia variables with odds of poor outcome (dichotomized PCPC score 3-6 vs 1-2). Sodium concentration nadir, rates of sodium change, duration of hyponatremia, and episodes of hyponatremia were all individually adjusted for patient factors (age, tumor location, malignant histology, and hydrocephalus) previously associated with worsened neurocognitive outcomes. 1, 8, 9, 11, 12, 14, 15, [21] [22] [23] 29 A multivariable model was also created containing the same patient factors and measures of sodium derangement (sodium concentration nadir, sodium value decrease > 15 mEq/L in 24 hours, duration of mild hyponatremia, episodes of mild hyponatremia) to determine which aspects of sodium disruption remained independently associated with poor outcome. Forward and backward stepwise selection using the Akaike Information Criteria was used to present a reduced, best-fit model. Multicollinearity was evaluated among predictor variables in the presented models using the variance inflation factor (VIF). We used VIF > 10 as a guide for exploring alternative models. Results of multivariable analyses were reported as an adjusted odds ratio (OR) with a 95% confidence interval (CI). The adjusted OR and 95% CI for variables in the reduced multivariable model were used to calculate predicted probabilities of poor outcome for sodium concentration nadir while holding duration of mild hyponatremia at mean values when stratifying by tumor region.
results
Three hundred nineteen patients undergoing a first neurosurgery for an intracranial tumor were identified. Table  1 presents patient demographic and clinical characteristics by cognitive outcome assessed with PCPC score at discharge. Forty-three percent of the patients (n = 137) were categorized as cognitively normal at hospital discharge and 32% (n = 102) had only mild disability. Twenty-five percent (n = 80) had poor outcome (PCPC score 3-6) at hospital discharge. Two patients died during admission: 1 met the criteria for neurological determination of death and the other was classified as in a persistent vegetative state by the final documented neurological examination prior to death. Sixty-five patients (20%) had moderate disability and 13 (4%) were categorized as having severe disability at discharge. Worse cognitive outcomes evidenced by increasing PCPC scores at discharge were significantly associated with younger age, obstructive hydrocephalus, and noncortical tumor location (all p < 0.05). As expected, increased PCPC score was also associated with longer length of stay (p < 0.001). One hundred thirty-seven children (43%) had serum sodium concentrations ≥ 131-135 mEq/L, with 39 (12%) developing severe hyponatremia, which was significantly associated with worse PCPC scores (p < 0.001). Symptomatic hyponatremia, including hyponatremic seizures, was also associated with worse PCPC score at discharge (p < 0.001). Similarly, receiving at least 1 hyponatremia treatment was associated with worse PCPC score (p < 0.001). Eighty-seven percent of patients with severe hyponatremia and 27% of patients with mild hyponatremia received a treatment. Although prescribed care varied, all patients with symptomatic hyponatremia were treated and all patients with hyponatremic seizures received hypertonic saline infusion. Table 2 presents information regarding sodium concentration, variability, and duration of hyponatremia across PCPC scores. Rapid decreases in sodium were uncommon overall (n = 30), but more than 30% of patients with severe disability at discharge had at least 1 episode of sodium concentration decreasing > 15 mEq/L within a 24-hour period. Additionally, nadir sodium concentration during admission was significantly lower among children with worse PCPC scores (p < 0.001). Among patients with moderate disability by PCPC score, 25% had nadir sodium values below 130 mEq/L. Among patients with severe disability, 25% had nadir sodium values below 123 mEq/L. Some patients had a single episode of hyponatremia and spent little time with abnormal sodium values during admission. However, as noted in Table 2 , patients with worse PCPC scores at discharge had significantly more episodes of hyponatremia and accumulated significantly more days with mild and severe hyponatremia (all p < 0.001). Twenty-five percent of patients with severe disability had more than 9 unique episodes of mild hyponatremia and spent more than 16 accumulated admission days with at least mild hyponatremia. Episodes of severe hyponatremia were less common overall, but 25% of patients with severe disability had more than 5 episodes and more than 2 accumulated admission days with severe hyponatremia. Table 3 presents the multivariable analysis for measures of sodium derangement individually adjusted for patient factors previously associated with poor outcome (age, obstructive hydrocephalus, tumor location, and malignant histology). 1, 8, 9, 11, 12, 14, 15, [21] [22] [23] 29 Rapid declines in serum sodium > 15 mEq/L within 24 hours, nadir sodium concentration, duration of hyponatremia, and number of episodes of hyponatremia all remained independently associated with increased odds of poor outcome.
Given the interrelated nature of some variables, such as duration and number of episodes of hyponatremia, a full multivariable model with measures of sodium derangement as well as patient factors is presented in Table 4 . In spite of the interrelatedness of some variables, our multicollinearity check did not reveal any problems, with all predictor variables in the full and reduced models having VIFs < 3. After stepwise selection, the reduced, best-fit multivariable model showed nadir sodium (adjusted OR 0.86, 95% CI 0.78-0.95) and noncortical tumor locations remained important independent risk factors for poor outcome (Table 4 ). Figure 1 presents the predicted probability of poor outcome by nadir sodium concentration for individual tumor regions as calculated from the final reduced multivariable model. For all noncortical tumor locations, a decrease in nadir sodium value of 10 mEq/L below normal laboratory values was associated with a greater than 25% increase in the predicted probability of poor outcome.
discussion
A quarter of the children in this study had a poor outcome following intracranial tumor surgery. Young age, hydrocephalus, noncortical tumor location, and hyponatremia were significantly associated with worsening cognitive function. The severity of hyponatremia, measured by the presence of symptoms, requiring treatment, lower sodium nadir concentration, and longer duration of hyponatremia were all significantly associated with worsening PCPC scores. Increased sodium variability (rapid decreases and more distinct episodes of hyponatremia) was also significantly associated with worse outcome. When these interrelated aspects of hyponatremia were tested controlling for patient and tumor factors, noncortical tumor locations and nadir sodium concentration remained important independent risk factors associated with poor cognitive outcome at hospital discharge.
More than half of the children treated for brain tumors (57%) had some disability, with a quarter having moderate (21%) or severe (4%) disability at discharge, consistent with previous studies of functional and neurocognitive outcomes in children with brain tumors. 1, 7, 17, 21, 22, 27, 32 Macedoni-Luksic et al. reported 62% of children with brain tumors had at least 1 neurological impairment, with 22% moderately disabled and 2% severely disabled more than 3 years after treatment. 17 Sønderkaer et al. reported 69% of patients with brain tumors had a neurological deficit approximately 10 years from treatment, and using the Bloom's score, which closely mirrors aspects of the PCPC score, they estimated 23% had moderate disability and 2% had severe disability. 27 The similarities among cognitive outcomes were consistent despite variation in length of follow-up and measures of outcome (i.e., Bloom's score, intellectual quotient, and parent/patient questionnaire). 16 (12) 20 (20) 27 (42) 8 (62) 1 (100) 0 <0.001
PCPC has been used to assess cognitive function of pediatric patients surviving intensive care and was validated with intelligence quotient scores among those children. 10 The PCPC score mirrors measurements contained in the Bloom's score used for brain tumor survivors. 21, 27 We assessed cognitive function at initial hospital discharge with the PCPC score, which enabled assessment of all patients and limited the number of confounding factors, such as radiation, chemotherapy, and reoperations associated with worsened outcome with later followup. 1, 9, 14, 16, 21 Both tumor progression and additional therapies (i.e., cranial radiation) cause cognitive dysfunction 8 (6) 9 (9) 7 (11) 5 (38) 1 ( with later onset and progression over time. 1, 9, 16 Neurosurgical procedures themselves worsen neurological status in approximately one-third of patients, 13, 27 and patients needing reoperations have worsened long-term outcomes. 21, 29 Additionally, Sønderkaer et al. 27 reported 38% of patients with surgically treated brain tumors had new deficits postoperatively. Moderate and severe disabilities were likely to persist from the postoperative period on long-term followup, whereas some mild disabilities, such as cranial nerve palsies, improved. 27 This tendency for persistence of substantial deficits may account for some of the similarities in the incidence of moderate and severe disabilities noted in our study at discharge and in other studies over a wider interval of follow-up.
Our previous study found a 6-fold increased odds of poor outcome with any occurrence of severe hyponatremia during surgical admissions for pediatric brain tumors. 31 The current study is the first to evaluate the associations between severity of hyponatremia and neurocognitive outcome in this population. However, hyponatremia has been associated with worsened morbidity and mortality in a variety of adult and pediatric populations. Among adult patients, hyponatremia is associated with increased mortality in adult surgical intensive care patients, 24 increased complications among patients with heart failure, 3 and worse Glasgow Outcome Scale score following subarachnoid hemorrhage 25 and traumatic brain injury. 20 Among pediatric populations, hyponatremia is associated with increased mortality among liver transplant patients 5 and in children with pneumococcal meningitis. 6 Al-Zahraa Omar and Al Bunyan described 72 children with a variety of neurological diagnoses, including 2 patients with a brain tumor, and noted hyponatremia was associated with an increased length of stay compared with patients with sodium concentrations greater than 130 mEq/L. Furthermore, they reported worse neurological disability among those with more severe hyponatremia. 2 Hyponatremia is common following pediatric brain tumor surgeries 30, 31 and is caused by a variety of mechanisms including cerebral salt wasting, syndrome of inappropriate secretion of antidiuretic hormone, medications, and intravenous fluids. 26 Hyponatremia from any mechanism can cause or exacerbate neurological injury with seizures, encephalopathy, and cerebral edema. 19, 26, 28 Twenty-six patients (8%) met our definition of symptomatic hyponatremia, including 9 (3%) with hyponatremic seizures, and this was associated with worsened outcome in our cohort. Increased susceptibility to hyponatremic encephalopathy and neurological deterioration with hyponatremia complicates a variety of pediatric neurological diseases. 18, 19 Despite widespread association of hyponatremia with worse outcomes and a potential mechanism for brain injury due to osmolar shifts with hyponatremia, we cannot conclude there is a causal association between hyponatremia and worse outcome with any retrospective analysis. However, given the potential for secondary injury by hyponatremia, the strong association with worse outcome in this and other studies, and the positive exposure-response relationship between severity of sodium derangement and outcome noted in this study, close attention to sodium values in this population is warranted.
Young age, hydrocephalus, tumor location, and malignant histology are interrelated factors associated with worsened neurological deficits among pediatric brain tumor survivors. 1, 8, 9, 11, 12, 14, 15, [21] [22] [23] 29 These same factors were also associated with risk of developing hyponatremia in the postoperative period, 30, 31 but previous studies of neurocognitive outcomes have not evaluated hyponatremia alone or in association with these factors. We found that young patient age and hydrocephalus were associated with worsened graduated PCPC score but did not remain independent risk factors for poor outcome in multivariable analysis, possibly due to interrelatedness with hyponatremia and tumor location. Malignant histology was not significantly associated with outcome in this study, but patients with malignant tumors will likely undergo more therapeutic interventions, including reoperation and radiation, that may worsen cognitive function over time. Noncortical tumor locations remained an important independent risk factor for poor outcome in our study. Variation in the literature exists regarding the effects of tumor location on outcome given that many studies focus on a particular tumor type (e.g., astrocytoma), anatomical location (e.g., posterior fossa), deficit (e.g., attention), or patient population (e.g., infants). 1, 8, 22, 23 The association between hyponatremia, tumor location, and outcome among these specific patient subgroups has not been studied.
Our study has limitations to consider. Given the retrospective nature of data collection, accuracy of some of the data cannot be confirmed and we cannot infer a causal relationship between exposures such as hyponatremia and neurological disability. We chose to limit confounding variables by measuring short-term neurocognitive outcome at hospital discharge. The presurgical cognitive status of the patients and whether postoperative deficits persist long-term was not evaluated, but is an important consideration in future studies. Additionally, given the retrospective nature of the study, multiple causes of hyponatremia, variability in treatment thresholds, and multiple types of treatment administered to our patients, we were unable to assess the effects of treatment or cause of hyponatremia on outcome. Whether early and proper intervention for hyponatremia improves outcome in these patients is an important question for future research.
conclusions
Twenty-five percent of the children in this study had moderate or worse disabilities at hospital discharge following surgery for intracranial tumors. A strong association was found between increasing severity of hyponatremia and worsened cognitive outcome. Lower nadir sodium concentration and noncortical tumor locations were independently associated with poor outcome when adjusted for patient factors, tumor characteristics, and measures of sodium derangement. This study emphasizes the importance of monitoring serum sodium following pediatric brain tumor surgery given the potential of hyponatremia to exacerbate neurological injury. Future studies are needed to develop targeted protocols for hyponatremia to determine if intervention can improve outcome among these children.
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